This paper summarizes results of a study of porosity, permeability, microstructure and acoustic properties of volcanic and pyroclastic rocks from Campi Flegrei (CF) and Mt. Etna (ET), Italy. We have measured the hydraulic, transport and acoustics properties of 28 room-dry samples at ambient conditions, 25 room-dry samples under confining pressure (up to 60 MPa) and 5 brine saturated samples under pressure (up to 45 MPa effective pressure). We established the following range of porosity, permeability, and V p and V s variations as functions of mineralogy and differential pressure in CF and ET lithologies:
resulting from both the aforementioned collapses. The recent bradyseismic crises in 1969-1971 and in 1982-1984 , generating an uplift of 3.5 m around the town of Pozzuoli, attest to a still active magmatic system. The central part of this caldera is correlated with a gravity minimum, a zone of low seismic velocity and high V p /V s ratios (Cassano & La Torre 1986; Agip 1987) . These data together with well data (Agip 1987; Carella & Guglielminetti 1983) have been interpreted as belonging to a low-density and highly fractured water saturated material extending up to 3 km depth (Ferrucci et al. 1992; Aster et al. 1990) . The intense fluid circulation within the shallower zone and the pressure related to it might be responsible both for the ground deformation and seismicity (Casertano et al. 1976; Bonafede 1990 ) but the question about the triggering mechanism is still open.
Similarly, Mt. Etna volcano continuously shows signs of unrest characterized by volcanic eruptions and strong seismicity, mainly on the eastern flank. The volcanic activity has resulted from a mantle diapir emplaced about 500 ka, giving rise to a permanent deep reservoir (20-30 km) with tholeitic and alkalibasalt lavas and temporary shallow chambers with differentiated lavas (trachybasalt and trachyandesites) (Tanguy et al. 1997) .
Renewal of volcanic and seismic activity at Campi Flegrei and at Mt. Etna always poses a serious hazard for these densely populated regions. For this reason, these areas are currently the targets of comprehensive research and surveillance programs. Geophysical and volcanological surveys have resulted in interpretative models that require knowledge about the subsurface (Loddo et al. 1989; Hirn et al. 1991; Di Maio & Patella 1994; Mauriello et al. 1997) . Reliability of such models can be improved with a priori information about subsurface rock properties. Whereas the literature on in situ geophysical data is particularly prolific, laboratory measurements of rock physics properties under pressure are almost nonexistent for these areas (Zamora et al. 1994) . Such measurements, however, will help us both to create reliable models, for example, of ground deformation at Campi Flegrei and to provide new tools that can be used for the prediction of the risk.
This study investigates the effects of lithology, microstructure, permeability, porosity and pressure on P-and S-wave velocity (V p , V s ) and P-wave quality factor (Q p ) in about 30 ET and CF samples. The velocity measurements have been conducted under in situ conditions of pressure to simulate up to 3 km overburden (60 MPa). Velocity-microstructural correlation in volcanic rocks 23 (Armienti et al. 1983; Rosi & Sbrana 1987; Civetta et al. 1991) . Lithology and location of the CF samples used in this study are shown in Table 1 and Fig. 1 , respectively. Composition of ET samples (Table 2) ranges from tholeitic to alkaline series (see Fig. 2 for sample locations).
CF and ET sample lithology
Neapolitan Yellow Tuff (NYT), Campanian Ignimbrite (CI), and trachytic lava rocks (TRH) represent the main volcanic products in CF area. However, lava flows and domes are small in volume and belong to the precaldera period. NYT is a highly inhomogeneous pyroclastic flow that has a vesicular feature containing unevenly distributed cavities, pumice and crystals of sanidine, pyroxene and biotite. CI is the largest pyroclastic deposit of the Campanian area (c. 30 000 km 2 ) ranging in composition from trachyte to phonolitic-trachyte (Civetta et al. 1997) . It can be separated into a yellow (Campanian Ignimbrite Yellow Facies-CIYF) and a grey facies (Campanian Ignimbrite Gray Facies-CIGF). Almost all samples are free of macroscopic fracture; two of them (1824 and 1810) show big voids due to outgassing. In this study, samples of NYT, CI (CIYF and CIGF) and TRH have been selected from Campi Flegrei. Both, NYT and CIYF have experienced intense zeolitization. Sersale (1958) has shown that pozzolana, a glassy trachytic product, changes to tuff after cementation due to zeolitization. Powder X-ray diffraction analysis shown that the yellowish, nearly isotropic matrix, consists mostly of chabazites and phyllipsite (Lenzi & Pozzuoli 1970) . CIYF, consists mainly of chabazite (#70 per cent) with about 10 per cent of phillipsite whereas NYT contains predominantly (up to about 80 per cent) phillipsite.
For this study, Olivine-Tholeite samples (OLT), Pigeonite Tholeites (PGT), Transitional Tholeites (TRT), Porphyritic Alkali Basalt (PAB), Porphyritic Trachybasalt (PTB), Porphyritic Trachyandesite (PTA), Aphanitic Trachyandesite (ATT) and Aphyric Basalt (ABT) were selected from ET area. XRF mineralogical composition was available for each sample (Tanguy et al. 1997) .
Sample preparation
Particular attention was dedicated to the collection procedure to avoid sampling in altered layers. Cylindrical core samples of 2.5 cm diameter and 3.0 cm length, with their faces parallel to within 0.1 mm were prepared from each sample. These samples were used for porosity, permeability, CT-scans, and ultrasonic measurements.
Experimental procedures
He-porosity (t1 per cent), bulk and grain densities (t1 per cent) and Klinkenberg-corrected air permeability (t2 per cent) were measured in all samples at room PT conditions. Microstructure was studied with optical microscopy of thin sections prepared from faces cut parallel to the length of the samples. Blue dye epoxy was used to enhance pore space recognition. CT scans were used to map larger scale density variations in the samples. CT scan was performed with a 3-mm scan width and a step of 2 mm. To understand effects of pressure, these analyses were made on the NYT samples before and after pressure tests.
The pulse transmission technique (Birch 1960 ) was used for V p and V s measurements. P-wave quality factor (Q p ) was Velocity-microstructural correlation in volcanic rocks 25 calculated, where signal quality allowed it, from the stored signal waveforms using the spectrum division technique (Toksöz et al. 1979; Prasad & Manghnani 1997) . In order to ensure similar coupling and pressure conditions both for the sample and reference, the signal from an aluminium cylinder of the same size was recorded at various pressure steps and used as reference signal at that pressure. Note, that the reported Q p values are apparent Q: they represent the combined effects of scattering and intrinsic attenuation.
The bench-top acoustic setup consisted of a digital oscilloscope (Tektronix TDS 420 A), a pulse generator (Panametrics 5052 PR) and two pairs of transducers (Panametrics V103 for 1 MHz P-waves and V154 for 0.7 MHz S-waves).
The experimental setup for the pressure tests (Prasad et al. 1999; Prasad & Nur 2002) consisted of a digital oscilloscope (Tektronix TDS 420 A) and a pulse generator (Velonex 345). The sample was jacketed with rubber tubing to isolate it from the confining pressure medium. PZT-crystals mounted on steel endplates were used to generate P-and S-waves. The principal frequency was about 1 MHz for P and 700 MHz for S-waves.
A high viscosity bonding medium (Panamterics SWC) was used to bond the endplates to the sample. A pore fluid inlet in each endplate allowed passage of pore fluids through the sample. Three linear potentiometers were used to measure length changes of the samples as a function of stress. The length change was directly related to changes in porosity by assuming that pore collapse was the main cause of strain. The experimental configuration allowed simultaneous measurements of P-and S-waves at various confining pressures up to 60 MPa. In this paper, only results of V p , V s , and Q p will be discussed. A complete description of the experimental set-up used in this study can be found in Prasad et al. (1999) and Prasad & Nur (2002) .
Traveltime was measured after digitizing each trace with 1024 points at a time sweep of 5 ms, thus allowing a time resolution of about 5 ns or about 0.2 per cent error in velocity. Actual error in velocity measurement is estimated to be around 1 per cent due to operator error in picking first arrival. The system delay time was measured by taking head-to-head time at 2 MPa. The travel-time calibration was confirmed by measuring an aluminium cylinder at different pressures. 
R E S U L T S 3.1 Porosity and permeability
Porosity and permeability values of all samples are given in Table 3 . Tuffs and ignimbrites showed a porosity range of 30-60 per cent and a permeability range between 10 mD-140 mD; for trachytic lavas (THR), the porosity range between 2 and 20 per cent and the permeability was <5 mD. The ET samples show a lower porosity 2-16 per cent and permeability <9 mD. The porosity range for tuff and ignimbrite samples is comparable with the porosity measurements carried out with the grain density method on the same kind of samples (Vanorio 1998 ) so, it is plausible that their pores are completely interconnected. In thin section, these samples showed a very porous frame due to the zeolitized matrix and the pumice structure. Fig. 3 shows the porosity-bulk density relationship. It is easy to see three trends: (1) the zeolitized facies NYT and CIYF; (2) TRH and CIGF that have same trachytic composition; (3) ET group, here it is not possible to distinguish between the different mineralogy of the samples. Solid lines describe the theoretical porosity-density pattern given by the following formula:
Grain density (r g ) used in the formula was calculated from the grain densities of the mineral composition of the rocks taken from Tanguy et al. (1997) and Rosi & Sbrana (1987) . We used air density as fluid density (r fl ) since samples were oven dried.
In Fig. 3 , the zero porosity points indicate grain densities of the main minerals forming the samples used in this study (Carmichael 1989 ). Velocity-microstructural correlation in volcanic rocks 27
In addition to porosity, bulk density is also controlled by mineralogy. The ET basalt samples mainly follow the trend of the alkaline basalts enriched in olivine and pyroxenes. Whereas ET samples with a higher silica and feldspars content (i.e. tholeitic basalts) (Tanguy et al. 1997) departure from this trend.
Trachytic ignimbrites and lava samples fall on another trendline since they are mainly enriched in quartz and feldspars. Zeolitized tuffs and ignimbrites make up the third group with the lowest bulk density. Their end points crossplot with grain density for chabazite and phillipsite. 
Ultrasonic measurements
The following ultrasonic measurements have been performed:
V p and V s in room-dry CF and ET sample at ambient conditions (note: in subsequent text we shall refer to room-dry as dry) Vp and V s under varying confining pressure in dry CF and ET sample (Pc max =60 MPa). These conditions of pressure simulate up to 3 km overburden.
Vp and V s under varying effective pressure (P e ) in selected saturated samples from CF and ET (Pf max =15 MPa, Pe max = 45 MPa);
P-wave quality factor (Q p )
Dry Measurements
A summary of V p and V s measurements as a function of pressure in the dry samples is given in Table 4 . Fig. 4 Fig. 4(d) shows the same properties for a typical CIGF sample. In the CIYF and NYT samples, in addition to velocity changes, we observe: A large irreversible change in porosity (calculated from length change, DL) with increasing pressure (up to 10 per cent). This change is much larger than that observed in sedimentary rocks of similar porosity (up to 2 per cent change (Prasad et al. 1999) ).
The porosity change is not a continuous trend during the up cycle pressure: rate of change is low up to 15-20 MPa, it increases between 20 and 40 MPa, and, finally beyond 40 MPa, it is lower again. The decrease in length (i.e. porosity) is not reversible. The V p /V s ratio versus pressure shows a maximum at 20 MPa implying that V s , is more affected by the breaking of bonds than V p . We postulate that the breaking of bonds compromises shear strength significantly.
Because of the closer step of velocity measurements, the minimum velocity at 20 MPa is much better defined for the CIYF sample (Fig. 4b) than NYT samples. Nevertheless further acoustic measurements versus pressure on pumice with 38 per cent porosity showed that velocity decreased with pressure up to 15-20 MPa, after 20 MPa, as the sample starts to compact, velocity increases slightly. On exhumation after the pressure cycle, the initially consolidated sample was found to have disintegrated.
In welded ignimbrite grey facies (CIGF) and lava samples (TRH and ET) velocity increases only slightly with pressure and both samples show a low pressure sensitivity (Fig. 4a,d ). This implies a stiffer frame and rounded pores. In fact, in a pressure-velocity relationship, the amount of velocity change with pressure is directly depending on the amount of soft or crack-like pore space. Low aspect ratios also affect the range of (b) (a) Figure 6 . (a) Thin sections of NYT and CIYF before pressure cycle. (b) Thin section of NYT and CIYF after pressure cycle; pores recognition is enhanced by blue dye epoxy which appears as the grey colour in the figure. Cracks are visible around and within the pumice structure the greatest pressure sensitivity. Rounded pores rather than crack-closure control, beyond 20 MPa, the velocity-pressure relationship in pyroclastic rocks (NYT and CIYF) as well.
Saturated Measurements
Five samples were saturated with brine and measured under pressure. Pore fluid pressure (Pf) was varied up to 15 MPa to permit a maximum effective pressure of 45 MPa. Fig. 5 shows the effects of effective pressure on velocity, for saturate NYT, CIYF and CIGF samples. Due to the difficulties in saturating the low permeability Etnean samples, only one sample (PGT) from this set was measured at pressure. The brine used to saturate samples reflects the chemical composition of fluids in Mofete well (Agip 1987) . At this location, the system fluid /rock is in equilibrium condition and its composition is chlorinealkaline type. Again, the zeolitized facies (NYT and CIYF) show a remarkable behaviour. After a small decrease in velocity with pressure up to 15-20 MPa, velocities strongly increase with pressure. When the pressure is released a hysteresis can be noted. The saturated CIGF samples so not show this behaviour.
S U M M A R Y O F R E S U L T S
Data collected in this work allows subdivision of the rocks based on their pressure trends: lavas and welded ignimbrite without zeolites and zeolitized tuff and ignimbrite. Main characteristics of these two trends are:
Lavas and welded ignimbrites without pumice and zeolites (ET, THR and CIGF):
higher grain density (>2.60 g cmx3), dry and saturated measurements show similar characteristics, Velocity-microstructural correlation in volcanic rocks 31 small increase in velocity with increasing of P e , negligible change in DL with P e , quality factor ranges from 10 to 100 no porosity, permeability, and velocity hysteresis after pressure cycles, Quality factor values range from 4 to 12 almost independent of pressure Significant length change with pressure, considerable hysteresis in dry samples
D I S C U S S I O N
Our results show that zeolites and pumice significantly change the acoustic response. The following changes are observed in microstructure after pressure:
CT-scans show a macroscopically more compact structure. Under optical microscopy pumice and zeolites appear shredded.
Porosity and permeability are reduced after pressurization.
Microstructure
Several thin sections of NYT and CIYF are shown in Figs 6(a,b) . A comparison of the images before (Fig. 6a ) and after the pressure cycle (Fig. 6b) shows that:
(1) The background matrix is very porous (grey colour= pore space). It consists mainly of zeolitized zones that show the characteristic fibrous structure. Pumice, plagioclase and occasionally sanidine crystals are randomly distributed in the matrix.
(2) The typical fibrous texture is completely shredded after the pressure cycle. Collapse of pumice texture and bond breaking around crystal and pumice are observed.
Although, for obvious reasons, thin-sections are not from the same position, this behaviour is observed in all thin-sections of NYT and CIYF.
In Fig. 7 textural variations mapped by CT-scans are showed for tuff and ignimbrite samples; macroscopic strains due to pressure cycle (i.e. length and diameter shortening) are clearly mapped as density variations. Samples after pressurization show a more dense and compact structure. At times, a reduction of less dense zones (pores or pumice) can also be observed.
Therefore, after pressurization, these samples showed a more compact structure at macroscopic scale and a shredded and cracked texture at the microscopic scale. Fig. 8(a) shows that the DL change rate in samples with varying pumice content. Visual examination of the exhumed samples showed that the changes in length and V p /V s are lower in samples with smaller pumice content (e.g. Gauro's Tuff NYT_GA, Figs 8a,b). Since distinct V p and V s versus pressure trends have been noted in zeolitized facies containing pumice, we suggest that the acoustical and physical behaviour in dry condition are controlled by changes in the pumice (Figs 7 and 8), whereas water-zeolite interactions control them in the saturated case. Zeolites, in fact, are aluminosilicate minerals with and open framework of [SiO 4 ] 4x and [AlO 4 ] 5x polyhedra. They contain channels and cavities housing cations and water molecules. Their main properties can be summarized (Breck 1974; Dyer 1988; Gillet et al. 1996) as:
(1) Ion exchange-the cations have a high degree of mobility that facilitates ion exchange. Zeolites readily lose water molecules (intumescence) when heated and regain them at room condition (the word 'zeolite' has Greek roots and means boiling stones);
(2) Molecular sieving-the [SiO 4 ] 4x and [AlO 4 ] 5x tetrahedra create a porous structure in zeolites. They are arranged to form a regular array of apertures. These apertures act as sieves by selectively incorporating some molecules into their porous structure while rejecting others based on their effective molecular dimensions (Breck 1974; Dyer 1988) (3) Adsorption-the adsorption of polar molecules on crystalline zeolites (host) is characterized by Langmuir-type isotherm, where the quantity adsorbed, relative to the quantity of complete pore-filling, is maximized already at very low Figure 9 . CF sample texture after pressurization by thin-section analysis. Cracks are visible around and within the zeolitized pumice structure.
(a) Figure 10 . (a). Schematic diagram summarizing main steps of the hypothesis explained in the text, for dry conditions:
Step 1: original sample.
Step 2: increasing pressure leads to breaking bonds around crystals and pumice collapse; sample follows cemented compaction trend.
Step 3: After 15-20 MPa, compaction become significant and follows the uncemented trend, breakdown of fibrous pumice structure.
Step 4: On pressure release, velocity values follow uncemented compaction trend. Especially below 15-20 MPa, since the broken bonds cannot be mended, a strong velocity decrease is observed. (b) Schematic diagram summarizing main steps of the hypothesis explained in the text for saturated conditions.
Step 2: initial low rates of change associated with the bond-breaking and pumice collapse phase.
Step 3: subsequent pressure increase leads to maximum compaction, marked velocity increase due to high absorption power of zeolites.
Step 4: upon pressure release, trapped pore water due to pore collapse and to the aforementioned properties of zeolites lead to local pressure anomalies. These localized pore pressure changes might cause stiffening of the frame, leading to increase V p ; V s would not be affected. pressure of the adsorbate (guest). It has been also demonstrated that the influence of the ion exchange can vary the adsorbate capacity; this effect, noted as the sentinel effect, is related to the change in internal zeolite size rings by the size of cations adsorbed (Rees 1984) .
Velocity-microstructural correlation in volcanic rocks
(4) Pressure and temperature significantly affect zeolite stability (Gillet et al. 1996; Boles et al. 1977) . However, they are not considered significant for this study, because the measurements were conducted at pressures below those affecting zeolite stability and at room temperature conditions).
The pressure effects on physical and acoustic properties allow us to understand microstructural changes in these rocks. The changes in measured properties along with postulations about the main cause are schematized, for zeolitized pumice samples, in Fig. 10(a) for the dry and in Fig. 10(b) for the saturated case.
In dry conditions, the velocity decrease up to 15-20 MPa is due to breaking bonds around crystals and to the pumice collapse where the sample follows cemented compaction trend (Step 2 in Fig. 10a ). After 15-20 MPa, compaction become significant as also testified by higher rate of DL change and the compaction follows the uncemented trend (Step 3 in Fig. 10a ). The increasing pressure also breaks down the fibrous pumice structure (see Figs 6b and 9). For this reason, increasing pressure does not lead to a corresponding increase in velocity. When the pressure is released, the velocity values follow the uncemented compaction trend back (Step 4 in Fig. 10a ). Especially below 15-20 MPa, since the broken bonds cannot be mended, a strong velocity decrease is observed (Step 5 in Fig. 10a ). Porosity and permeability of the samples were measured after pressurization. An on average, the zeolitized pumiceous samples show 10 per cent change in porosity and more than 50 per cent in permeability. This is in contrast with no measurable change in the other samples and shows that in the former samples, pressure irreversibly reduces porosity and collapse of pumice will clog interconnected paths and lead to a permeability decrease.
Brine saturated samples (Fig. 10b) follow a similar path, a more marked velocity increase is noted due to high absorption power of zeolites (Step 3 in Fig. 10b ). Upon pressure release, trapped pore waters due to pore collapse and to the aforementioned properties of zeolites lead to local pressure anomalies. The localized pore pressures changes might cause a stiffening of the frame, leading to increase V p ; V s would not be affected ( Step 4 in Fig. 10b ). This hypothesis would also explain the different rates of DL change with pressure: the initial low rates are associated with the bond breaking and pumice collapse phase (Step 2 in Fig. 10b ). Subsequent pressure increase leads to maximum compaction (Step 3 in Fig. 10b ).
C O N C L U S I O N S
The main results of this study show that mineralogy and microstructure mainly affect the acoustic and petrophysical properties of these rocks under pressure condition. In particular:
(1) On the basis of rb-F relationship the analysed rock can be separated in three groups in according with their mineralogy.
(2) Zeolites and pumice significantly change the acoustic response in pyroclastic rocks (NYT and CIYF) . Under the dry conditions, these changes are mainly due to the collapse of the internal texture of the pumice. In saturated conditions, additional effects are due to the water-zeolite interactions. CTscans, optical microscopy, hydraulic and transport properties analyses supported changes in microstructure after pressure.
(3) Lava samples (ET and THR) show a slight velocity increases with pressure because of their stiffer frames and rounded pores (i.g. higher pore stiffness). Pyroclastic rocks whose velocity-pressure relationship is mainly controlled by microstructure, also show beyond 20 MPa a velocity increase with pressure associated with rounded pores rather than crack-closure.
We showed the importance of conducting velocity measurements at simulated in situ conditions both to estimate volcanic rock properties at depth and to identify relations between rock physics properties, confining and pore fluid pressure, and microstructure. Elastic parameters and rock physics relations at crustal condition are needed since they are involved into ground deformation model computations as well as control precursor phenomena in volcanic areas. Formulating reliable model permits a short-term prediction of a volcanic eruptive activity and therefore minimizes the hazard that it poses.
A C K N O W L E D G M E N T S
We thank David A. DiCarlo for his help in making CT-scans, Giovanni Orsi and Raffaele Azzaro for their useful advice and help during the initial stages of this project. This work was supported by SRB Project and by the University 'Federico II' of Naples.
